Acoustoelectric current transport through single-walled carbon nanotubes by Ebbecke, J. et al.
ar
X
iv
:c
on
d-
m
at
/0
40
81
20
v1
  [
co
nd
-m
at.
me
s-h
all
]  
5 A
ug
 20
04
Acoustoelectric current transport through single-walled carbon nanotubes
J. Ebbecke,1, ∗ C. J. Strobl,2 and A. Wixforth1
1Institut fu¨r Physik der Universita¨t Augsburg, Experimentalphysik I, Universita¨tsstr. 1, 86135 Augsburg, Germany
2Sektion Physik der Ludwig-Maximilians-Universita¨t and Center for NanoScience (CeNS),
Geschwister-Scholl-Platz 1, 80539 Munich, Germany
(Dated: November 21, 2018)
We have contacted single-walled carbon nanotubes after aligning the tubes by the use of surface
acoustic waves. The acoustoelectric current has been measured at 4.2 K and a probing of the
low-dimensional electronic states by the surface acoustic wave has been detected. By decreasing
the acoustic wavelength resulting in an adjustment to the length of the defined carbon nanotube
constriction a quantization of the acoustoelectric current has been observed.
PACS numbers: 85.35.Kt, 73.63.Kv, 72.50.+b, 73.23.Hk,
Due to their remarkable electrical and mechanical
properties carbon nanotubes (CNT) have become an im-
portant field of research since their discovery in 19911.
They can be synthesized as single-walled carbon nan-
otubes (SWNT) as well as multi-walled carbon nanotubes
(MWNT). Because of their small diameter of around 1
nm and a length of up to several micrometers SWNTs
are by definition an ideal one-dimensional electronic sys-
tem. Efforts have been made to investigate fundamental
one-dimensional effects like Luttinger liquid behaviour2.
Also by contacting the CNTs with metal leads zero-
dimensional electronic systems can be designed3,4,5,6,7,8,9.
These quantum dots (QD) with a length between mi-
crometers and several tens of nanometers have shown
an increased zero-dimensional confinement in compari-
sion with their semiconductor counterparts of the same
length.
In this manuscript, we report on the observation of
an acoustoelectric current transport through carbon nan-
otube constrictions (CNTC). For large wavelengths of the
surface acoustic wave (SAW) the current oscillates by in-
creasing the SAW amplitude that exhibits a probing of
the low-dimensional electronic states. By adjusting the
acoustic wavelength to the length of the CNTC the acous-
toelectric current becomes quantized for certain SAW
amplitudes. At first sight, these results resemble the pro-
posed quantized adiabatic charge transport in CNTs of
Ref.10. There, the potential of the SAW is assumed to
induce a miniband spectrum in the CNTs and an adi-
abatic quantized transport as described by Thouless?
is suggested. But in contrast to this mechanism here a
turnstile like modulation of the tunneling barriers by the
piezoelectric potential of the SAW leads to the acous-
toelectric current quantization. Therefore this work is
related to the experiments of Ref.11 where a single elec-
tron transport by surface acoustic waves through a QD
induced in a AlGaAs/GaAs heterostructure has been pre-
sented. Also beside the fact that Coulomb repulsion is
likely to be important for the current quantisation the
results presented in this paper are in close relation to the
proposed carbon nanotube electron pump18.
Two sets of samples have been processed almost solely
by optical lithography and results will be presented exem-
plarily for one sample of each set (in the following named
sample A and sample B). The only difference is the peri-
odicity of the interdigital transducers (IDT). On sample
A first two IDTs with a periodicity of 35 µm have been
processed on LiNbO3 substrate (rotation 128
◦ Y-cut X-
propagation) by optical lithography. At a sound velocity
of the SAW of v = 3850 m/s (at T = 4.2 K) the reso-
nance frequency of the transducers is given by f1 = v/p
= 110 MHz. On sample B two IDTs have been defined
by ebeam lithography with a periodicity of 8.1 µm result-
ing in a primary frequency of f1 = 475 MHz. SWNTs
grown by an arc discharge method have been suspended
in water with 1 wt% sodium-dodecylsulfate (SDS). The
suspension was subjected to ultrasonic agitation for 10
minutes and then centrifuged at 10,000 g for 10 minutes
to remove larger particles. Small drops of the liquid have
been dispensed between the transducers and glass plates
have been placed above. A SAW launched with one of the
IDTs has two effects. First the parallel component of its
piezoelectric field aligns the NTs in parallel to the wave
vector of the SAW. Secondly the transversal component
of the crystal particle movement induces strong fluidic
processes in the liquid. The superposition of both effects
is an alignment of the NTs with an angle between 25◦
and 45◦ with respect to the propagation direction of the
SAW. This process of aligning NTs has been described
in detail in Ref.12 where MWNTs have been aligned.
In Fig. 1 (a) an atomic force microscope (AFM) picture
of short aligned SWNTs is shown. The nanotubes are
aligned with an angle of ±45◦ with respect to the trav-
elling wave. After cleaning the samples by rinsing them
in deionized water and drying with nitrogen gas pairs of
metal contacts have been processed where the drops of
SWNT suspension had been (see schematic sample layout
given in Fig. 1(b) ). The contacts are metal fingers of 30
nm thick titanium with a length of 600 µm and a width of
2 µm. The gap between the contact pair is also 2 µm so
that the contacted SWNTs have a length between 2.2 µm
and 2.8 µm depending on the alignment angle between
25◦ and 45◦. An AFM picture of a contacted SWNT of
sample A is shown in Fig. 1 (c). All measurements have
been carried out in a variable temperature cryostate with
2FIG. 1: (a) AFM picture of two short SWNTs aligned by
the SAW at ±45◦. (b) schematic sample layout (c) an AFM
picture of a contacted SWNT of sample A
base temperature of T = 4.2 K.
First, investigations made with sample A will be pre-
sented. The two-terminal resistance of the device at room
temperature was 500 kΩ. By using the sample holder as
a back gate no change in conductance has been detected
for voltages of VBG=±20 V at room temperature (also for
sample B). Consequently we assume the contacted CNTs
to be metallic. The current transport through the SWNT
has been detected using a Keithley 2400 SourceMeter as a
function of applied source drain voltage for temperatures
between T = 4.2 K and T = 30 K (inset of Fig. 2). At T
= 4.2 K a clear nonlinearity has been measured that has
almost disappeared at T = 30 K. The espected Coulomb
blockade behaviour is masked by the vanishing conduc-
tion of the contacts to the CNT and the capacitance of
the back gate is to small to be used in this case. In Ref.8 a
value of the charging energy of a CNT quantum dot with
1.3 µm length has been measured to be EC = 6 meV.
With the estimation of a linear dependence of the capac-
ity on the length of the CNT a value of EC ≈ 2 meV
can be assumed for the CNTCs presented here. Due to
the fact that we can not verify any Coulomb oscillations
because of the lack of a gate and also that a 2 µm long
constriction with a diameter of a few nanometers is ven-
turous to term a zero-dimensional quantum dot we name
our devices CNT constrictions but still in mind that the
CNTC have well-defined electronic states.
Two measurements of the acoustoelectric current as a
function of applied RF power are shown in Fig. 2 for two
different frequencies inside the passband of the IDTs of
sample A (using a Keithley 617 electrometer and a Ro-
hdeSchwarz signal generator SMP2). The piezoelectric
field of the SAW transmits a momentum to the electrons
in the SWNT and an acoustoelectric current can be de-
FIG. 2: Sample A: acoustoelectric current oscillations by rais-
ing the applied RF power for two frequencies inside the pass-
band of the IDT. Source-drain measurements for different
temperatures are shown as an inset.
tected. By raising the RF power meaning an increase of
the SAW amplitude the acoustoelectric current through
the CNTC is oscillating for both frequencies used. The
horizontal shift in RF power of the current minima are
caused by the fact that the transducer is effective differ-
ently in launching a SAW at these two frequencies. After
finishing the measurements and taking the figure of a
contacted CNT (see Fig. 1(c) ) we placed sample A for
30 s into an oxigen plasma. No conductivity of sample A
has been detected afterwards.
Similar oscillations of the acoustoelectric cur-
rent have also been detected in AlGaAs/GaAs
heterostructures13,14,15. In split-gate induced one-
dimensional channels unintentional QDs can be formed
accidently by the potential of impurities. Pronounced
current oscillations have been measured close to conduc-
tion pinch off in these samples. In Ref.13 the assumption
has been made that the rather complicated charge trans-
port could be dominated by Coulomb blockade type
effects. This idea has been investigated in more detail in
Ref.14 where also an unintentional QD was present in
the induced one-dimensional channel of a GaAlAs/GaAs
heterostructure. It has been shown that the potential of
the SAW modulates the tunnel barriers of the accidently
confined QD and a SAW mediated tunneling of electrons
through the zero-dimensional electronic states has been
proposed. If the SAW wavelength exceeds the length of
the confined low-dimensional potential (like sample A
with λSAW = 35 µm) also an acousto-electric current
of reversed sign has been detected13,15 (and in Fig. 2).
The piezoelectric potential is supposed to lower both
the potential barriers at the entrance and the exit of
the constriction and dependent of the relative position
of the electronic states in the constriction on the Fermi
levels in the metal contacts a resulting acoustic-electric
current with both signs has been detected.
A continuation of the work of Ref.14 has been pre-
3FIG. 3: Sample B: acoustoelectric current as a function of
applied RF frequency. The inset shows an enlargement of the
current at the frequency of the third harmonic.
sented recently11. A QD has been induced deliber-
ately by three independent metallic split gates in a Al-
GaAs/GaAs heterostructure and a single electron trans-
port by SAWs has been demonstrated. The length of the
lithographically defined QD was half the wavelength of
the SAW and the transport mechanism is a turnstile like
tunneling of electrons through the QD.
In the following, experiments made with sample B will
be presented. IDTs have been processed with a period-
icity of 8.1 µm meaning an adjustment of the acoustic
wavelength to the length of the CNTC. The acoustoelec-
tric current transport through a SWNT as a function of
applied RF frequency is shown in Fig. 3. Around the
resonance frequency f1 = 475 MHz an acoustoelectric
current has been measured. But in addition to this sig-
nal at f1 another peak of acoustoelectric current exists
at a frequency of approximately f3 = 1480 MHz that is
slightly higher than the theoretical value of the third har-
monic f3theo = 1425 MHz. This SAW launched by the
same IDT has a wavelength of approximately 2.6 µm.
The two-terminal resistance of sample B at room tem-
perature was 6.5 MΩ and therefore significantly higher
than the resistance of sample A. This increase in resis-
tance is caused by less effective electrical contacts to the
SWNT resulting in a suppression of current transport at
T = 4.2 K in the interval of ±2 V source drain bias. Due
to the lack of any appropriate gate (like in sample A) the
charging energy of the CNTC could not be determined.
In Fig. 4 two measurements of the acoustoelectric cur-
rent as a function of applied RF frequency are shown.
The solid graph has been measured at a frequency inside
the passband of the IDT’s first harmonic and the other
graph with a frequency of the IDT’s third harmonic. For
both frequencies the acoustoelectric current is zero for
low RF power levels. By raising the RF power resulting
in a launched SAW with larger amplitude the current
increases until a plateau is reached. As a verification
of the occurrence of plateaus the numerical derivative of
FIG. 4: Quantized acoustoelectric current as a function of
applied RF power for two different SAW frequencies (first
and third harmonic of the IDT) at 4.2 K. The upper graph
shows the derivative of the current.
the current is shown in the inset of Fig. 4 where the pro-
nounced minima indicate the plateaus. At these RF pow-
ers levels the acoustoelectric current is quantized. The
RF levels at which plateaus occur are different for the
two frequencies because the IDT is effective differently
in launching the first and third harmonic (see Fig. 3).
By further increasing the RF power the current also in-
crease without showing any further well quantized levels.
A feature of this current quantization remaining to be
explained is the value of the current plateaus. For the
higher frequency the plateau value is I = 91 pA in con-
trast to the expected value of I3 = ef3 = 236 pA and
for the lower frequency the quantized value is I = 49 pA
where the theoretical current should be I1 = ef1 = 75
pA. Although the current value on the shoulder visible
next to the plateau for f = 471.8 MHz (also visible as a
shoulder in the derivative in the inset of Fig. 4) is I = 76
pA ≈ ef1 no pronounced current quantization at I = ef
has been detected.
In order to emphasize that these quantized acousto-
electric current values are not randomly a statistic of
all measured first plateau current values are given in
Fig. 5. The values of both the first and the third har-
monic are shown in the same figure. The open squares
are belonging to the lower frequency f1 and their average
value is Iaverage = 45 pA that is 60 % of I = ef1. The
filled squares are associated with the third harmonic f3
with an average current of Iaverage = 91 pA that is 40
% of I = ef3. A similar ”fractional” plateau has been
presented in Ref.14 for quantized acoustoelectric current
transport measurements through an unintentional quan-
tum dot defined in a AlGaAs/GaAs heterostructure. We
assume that some of the electrons are excited during the
transport mechanism and the raised tunneling probabil-
ity of electrons from the excited states of the CNTC back
to the source contact could be the reason for the lowered
plateau height. These ”‘fractional”’ cannot be explained
by a parallel transport through two or more CNTs be-
4FIG. 5: Statistical overview of the height of the first current
plateaus as a function of frequency.
FIG. 6: Schematic model of the transport mechanism. One by
one electron is cycled through the CNTC by the piezoelectric
SAW potential (sketched as dashed lines).
cause is has been shown that a parallel transport results
in an increased plateau height16.
In Fig. 5 it can also be seen that there are frequencies
inside the passband of the IDTs where no current quan-
tisation has been detected (e.g. between f = 472 MHz
and f = 475 MHz). This is caused by reflected SAWs
from the second unused IDT and has been investigated
in detail in Ref.17. There in agreement with Fig. 3 also
no current quantisation as a function of rf frequency has
been detected.
A schematic model of the assumed transport mecha-
nism in conformance with the results presented in Ref.11
is sketched in Fig. 6. First the piezoelectric potential of
the SAW lowers the tunneling barrier of the metal/CNTC
contact and an additional electron is tunneling onto the
CNTC. Half a period later (see Fig. 6(c) ) the exit po-
tential barrier is lowered and the electron is leaving the
CNTC towards the drain contacts. This turnstile trans-
port mechanism leads to a quantized current. The pre-
sented results of a SAW mediated SWNT electron pump
is in general similar to the theoretical work of a CNT-
based parametric electron pump18 except the fact that
Coulomb repulsion is essential in the turnstile model.
In summary we have realised an acoustoelectric cur-
rent transport through SWNTs. For larger wavelength
the acoustoelectric current oscillates as a function of ap-
plied RF power showing a probing of the low-dimensional
electronic states by the potential of the SAW. By de-
creasing the wavelength of the SAW a quantization of
the acoustoelectric current has been detected.
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